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Abstract
Agro-hydrological models have increasingly become useful and powerful tools in optimizing
water and fertilizer application, and in studying the environmental consequences. Accurate
prediction of water dynamics in such models is essential for models to produce reasonable
results. In this study, detailed simulations were performed for water dynamics of rainfed win-
ter wheat and barley grown under a Mediterranean climate over a 10-year period. The
model employed (Yang et al., 2009. J. Hydrol., 370, 177-190) uses easily available agro-
nomic data, and takes into consideration of all key soil and plant processes in controlling
water dynamics in the soil-crop system, including the dynamics of root growth. The water
requirement for crop growth was calculated according to the FAO56, and the soil hydraulic
properties were estimated using peto-transfer functions (PTFs) based on soil physical prop-
erties and soil organic matter content. Results show that the simulated values of soil water
content at the depths of 15, 45 and 75 cm agreed with the measurements well with the root
of the mean squared errors of 0.027 cm3 cm-3 and the model agreement index of 0.875. The
simulated seasonal evapotranspiration (ET) ranged from 208 to 388 mm, and grain yield
was found to correlate with the simulated seasonal ET in a linear manner within the studied
ET range. The simulated rates of grain yield increase were 17.3 and 23.7 kg ha-l for every
mm of water evapotranspired for wheat and barley, respectively. The good agreement of
soil water content between measurement and simulation and the simulated relationships
between grain yield and seasonal ET supported by the data in the literature indicates that
the model performed well in modelling water dynamics for the studied soil-crop system, and
therefore has the potential to be applied reliably and widely in precision agriculture. Finally,
a two-staged approach using inverse modelling techniques to further improve model perfor-
mance was discussed.
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Introduction
With the advances in plant and soil sciences and in computing power, developing physically-
based agro-hydrological models have become possible and numerous models of this kind have
been developed [1–2]. These models have proven useful and powerful in precision agriculture,
and in studying the diverse impact on the environment induced by excessive application of
resources. As the core of agro-hydrological models, modelling water dynamics in the soil-crop
system is critically important and has a profound effect on the accuracy of model outcomes.
Great efforts have been directed to developing models for water dynamics in the soil-crop
system and numerous models have been reported in a large body of literature [1, 3–5]. In
modelling soil-cereal systems, some specially designed simulation models for water and nitro-
gen dynamics have been proposed, including AFRCWHEAT2 [6–7], CERES-Wheat [8–9],
NWHEAT [10], SIRIUS [11], SOILN-Wheat [12–13], AGROSIM [14] and HERMES [15].
While these models, if validated properly, have proven useful [16–18], they generally use doz-
ens of parameters describing crop physiological processes. The models require calibration
under different climates and the parameters are often difficult to obtain.
In contrast with those models, a simpler model which uses readily available agronomic data
has been devised and tested against data from winter wheat grown in different soils and under
a semi-humid climate [19]. The model defines the crop growth stages and employs the dual
crop efficient approach according to the FAO56 [20] for estimating water requirement for crop
growth. The simulation of soil water movement is performed by solving the Richards’ equation
with a simple numerical scheme named the Integrated Richards Equation (IRE) method pro-
posed by Boone and Wetzel [21] and Lee and Abriola [22]. Although the model has shown
promising results in reproducing soil water data from the winter wheat experiments mentioned
the above [19], the potential of the model has not been fully explored as it has not been tested
in different climates over different ranges of water supply.
Investigations have been carried out on the effect of seasonal evapotranspiration (ET) on
grain yield for wheat and barley experimentally and using modelling approaches [23–29]. It is
well documented that the total dry weight yield and/or grain yield of wheat and barley increases
with increasing seasonal ET if water is limiting [23, 24–30]. Many studies reported that grain
yield could be related with seasonal ET linearly [23, 24, 29–30], as found in other crops [31–
32]. Although it appears that the linear relationship between wheat grain yield and seasonal ET
is well established, it is often based on the data collected from the crops grown over short-term
experiments with a narrow range of ET. Further, the estimation of seasonal ET is simply per-
formed using soil water content in the profile measured at sowing and harvest and seasonal
rainfall, ignoring soil water movement between the root zone and the deep soil.
The primary purposes of this study are therefore: 1) to further test the capability of the
model [17] to simulate water dynamics in the soil-wheat/barley system under a Mediterranean
climate; and 2) to establish the relation between wheat/barley grain yield with seasonal ET
using data from a long-term study.
Materials andmethods
Experiments
A long-term experimental study on wheat and barley over 10 years (2000–2010) was conducted
at Lleida University in Spain. The experiments were carried out on a non-protected field and
did not involve endangered or protected species. The primary purpose of the study was to
investigate the effects of water, mineral and organic nitrogen (N) fertiliser on winter wheat and
barley production and the environmental impacts. The experimental site is located in Oliola,
Modelling Water Cycle for Wheat and Barley Crops
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Lleida, Catalonia, Spain (41°52’34” N, 0°19’17” E), within a region mainly growing cereal
crops. The site (443 m above the sea level) is open and flat. The region is characterized as a
semi-arid Mediterranean climate [33] with a mean annual temperature of 12.6°C and a mean
annual precipitation ranging from 292 and 593 mm (2000–2010 period). The soil, having a
thickness of more than 1 m throughout the field, is classified as a Typic Xerofluvent [34] with
the top soil of about 30 cm (see Table 1 for the measured soil physical properties). The ground-
water table is well below a depth of 2 m.
The size of the experimental field was about 1.5 ha. The experiments, starting from 2000,
had been carried out for 10 years on winter wheat and barley, except for the year 2007–2008
when the soil was set fallow. Soil water monitoring started from November 2005 and soil water
content values were recorded at the depths of 15, 45 and 75 cm using the ECH2O sensors with
an error of ±3% and Em50G data loggers (Decagon Devices). Due to some technical problems
and faults with the sensors during the experiments, the sensor measurements were not com-
plete over the entire monitoring period, but give sufficient data for model validation.
Five treatments using different amounts of mineral N fertilizer as NH4NO3, i.e 0, 30, 60, 90,
and 150 kg N ha-1, were designed in the experiments to study the response of crop yield to N
fertiliser. The results reported in this study are only part of the systematic experimentation. To
exclude the diverse effect of insufficient and excessive N fertiliser application on crop growth,
the crop grain yield was obtained based on the measurements from the treatments where sub-
optimal amounts of N fertilizer were applied. Total above-ground biomass was measured from
4 randomly selected plots each having an area of 0.25 m2 at maturity. Biomass was separated
into stems and leaves, spikes and grains and was oven-dried at 65–70°C for 48 h before being
weighed. Table 2 shows the crop rotations during the experimental period together with the
sowing and harvest dates and the grain yield of each crop.
Weather data was collected from a nearby weather station belonging to the Catalonian
Agrometeorological station network, which is 100 m away from the experimental field. Fig 1
and S1 Table. show the measured daily mean air temperature, precipitation and the calculated
reference evapotranspiration using Penman—Monteith method [20] over the experimental
period from 2000 to 2010.
Table 1. Soil particle distribution and organic matter content in the profile.
- Bulk density Clay (<0.002mm) Silt (0.002 ~ 0.05mm) Sand (0.05 ~ 2mm) Organic matter
- g cm-3 % % % %
0–30cm 1.65 20.3 52.1 27.6 1.7
30cm ─ 1.57 16.4 49.0 34.7 0.7
doi:10.1371/journal.pone.0131360.t001
Table 2. Summary of experiments from 2000–2010.
Exp year 2000–2001 2001–2002 2002–2003 2003–2004 2004–2005
Crop Barley Barley Wheat Barley Barley
Sowing date 05/11/00 08/11/01 31/10/02 30/10/03 16/11/04
Harvest date 18/06/01 26/06/02 26/06/03 02/07/04 01/07/05
Grain yield (t ha-1) 3.66 3.79 2.40 3.62 1.25
Exp year 2005–2006 2006–2007 2008–2009 2009–2010 -
Crop Wheat Barley Wheat Barley -
Sowing date 04/11/05 04/11/06 10/11/08 03/11/09 -
Harvest date 27/06/06 26/06/07 04/07/09 30/06/10 -
Grain yield (t ha-1) 2.85 2.85 5.60 6.54 -
doi:10.1371/journal.pone.0131360.t002
Modelling Water Cycle for Wheat and Barley Crops
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The model
Brief description of the model. The model used in this study, the source code for which is
available at request from the authors, was proposed by Yang et al. [19] and Zhang et al. [35].
The model is mechanistic and accounts for all key processes governing water dynamics in the
soil-crop system. It simulates soil water movement by solving the Richards’ equation using a
simple and sufficiently accurate solution. The model has been validated in simulating water
dynamics for winter wheat grown in different soils [19], and cabbage grown in a sandy loam
soil under semi-humid climates [35]. It uses two time steps for various soil and plant processes
in the model. On a daily basis, the model calculates:
• Rooting depth and relative root length distribution: the rooting depth is calculated based on
the cumulative mean day air temperature according to Pedersen et al. [36]. Root growth
starts when the cumulated effective day air temperature exceeds the threshold value. The
effective day temperature is calculated as the difference between mean air temperature and
the base temperature below which the plants do not grow. The rooting depth increase is the
product of the effective day temperature and specific root growth rate [35]. The relative root
length density is assumed to decline logarithmically from the soil surface downwards as
shown in Gerwitz and Page [37] and Pedersen et al. [36].
• Potential evaporation and crop transpiration: the potential reference evapotranspiration
(ETo) is first calculated using the FAO Penman-Monteith equation [20] based on the climatic
variables of solar radiation, air temperature, relative humidity, wind speed and the latitude
and altitude of the location. Potential evaporation and crop transpiration are then calculated
according to the crop growth stages using the FAO dual crop coefficient approach [20].
The model implements the following algorithms for calculating soil evaporation, crop tran-
spiration and soil water movement using a small time step (0.001d) [19] within the day. The
biggest advantage of using this approach is that this allows the simultaneous processes of root
water uptake and soil water movement to be de-coupled and a simple algorithm named Inte-
grated Richards Equation (IRE) [22] to be implemented for soil water movement.
• It computes actual evaporation in the top soil layer and root water uptake in the root occu-
pied layers according to soil water availability [38].
• It applies the IRE algorithm to re-distribute soil water in the simulated domain. Water move-
ment in the profile can be downwards as well as upwards depending on the soil water pres-
sure head in the adjacent layers. The thickness of each soil layer is 5 cm which is considered
appropriate and commonly used in agro-hydrological models [39–41] to describe processes
such as root length distribution in the soil-crop system.
Fig 2 shows the flow chart of the model used in the study. The detailed description of the
model and associated equations are given in Yang et al. [19] and Zhang et al. [35].
Model parameters and the values used in the simulations. The input parameters to the
model are relatively simple and easy to collect. They include:
• Site geographical properties: latitude and altitude.
• Simulation period: the dates when the simulation starts and ceases.
• Weather data: daily mean air temperature, relative humidity, precipitation, solar radiation,
wind speed.
Modelling Water Cycle for Wheat and Barley Crops
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Fig 1. Measured daily mean air temperature (a), daily and cumulative precipitation (b) and calculated
daily reference evapotranspiration (ETo) (c) during 2000–2010.
doi:10.1371/journal.pone.0131360.g001
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• Soil hydraulic properties: van Genuchten [42] soil hydraulic properties defining the relation-
ships of soil water content and hydraulic conductivity with water pressure head for the soils
in the computed domain.
• Crop data: dates for sowing/transplanting and harvest.
• Initial conditions: soil water content/potential distribution in the profile.
Soil hydraulic properties can be estimated based on soil physical properties with reasonable
accuracy, and various models have been proposed on this purpose [43–44]. The van Genuchten
[42] soil hydraulic properties used in this study were estimated by the peto-transfer functions
(PTFs) proposed by Wösten et al. [45]. The PTFs use the information of soil particle
Fig 2. Schematic diagram of calculation procedures in the model used for soil-crop water dynamics in
this study.
doi:10.1371/journal.pone.0131360.g002
Modelling Water Cycle for Wheat and Barley Crops
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distribution, bulk density and organic matter content. They are derived based on a study of
extensive EU soil samples, and are considered particularly appropriate for the soils used in the
study. The estimated soil hydraulic properties for the topsoil and subsoil are listed in Table 3.
Other parameter values used in the simulations for both the barley and wheat experiments and
how they were obtained are given in Table 4. The calculated soil domain is down to 200 cm,
and the condition at the lower boundary is set as free drainage.
Model evaluation criteria. Accuracy of the model predictions of soil water content against
the measurements was evaluated based on statistical analyses. The statistical indices used for
the model assessment include: the root of the mean squared errors (RMSE), the model agree-
ment index (AI) [47], the mean error (ME), the correlation coefficient (r2) and the slope and
intercept of the fitted line between simulated and measured values. The software used for statis-
tical analyses was developed by the authors.
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXn
i¼1 ðoi  siÞ
2
=n
q
ð1Þ
AI ¼ 1
Xn
i¼1 ðoi  siÞ
2
=
Xn
i¼1ðjsi  o
0j þ joi  o0jÞ2 ð2Þ
ME ¼
Xn
i¼1ðsi  oiÞ=n ð3Þ
where n is the number of samples, oi and si are measured (observed) and simulated values, and
o’ is the average of the measured values.
Table 3. Van Genuchten soil hydraulic properties.
- θs
a θr
a αb nb Ksc
- (cm3 cm-3) (cm3 cm-3) (-) (-) (cm d-1)
0–30cm 0.36 0.025 0.01527 1.1744 7.6
30cm ─ 0.38 0.025 0.01985 1.2661 12.3
aθs, θr: the saturated and residual soil water contents, respectively.
bα, n: the shape parameters of the retention and conductivity functions, respectively.
cKs: the saturated hydraulic conductivity.
doi:10.1371/journal.pone.0131360.t003
Table 4. Model parameter values used in the simulations.
Symbol Unit Value Notation Reference
Tthre d °C 100.0 threshold of cumulated effective day temperature for crop to start growth [46]
αz (-) 3.0 shape parameter controlling root distribution in soil proﬁle [19]
krz cm d
-1 °C-1 0.07 root growth rate per effective day temperature [19]
Tbase °C 7.0 base air temperature for crop growth [39]
P (-) 0.55 soil water depletion fraction for no stress [20]
Lini d 30 duration in days for different crop growth stages (initial, development, mid-season and late season) [20]
Ldev d 140
Lmid d 40
Llat d 30
Kcb ini (-) 0.15 basal crop coefﬁcient corresponding to the initial, mid-season and late growth stages [20]
Kcb mid (-) 1.10
Kcb end (-) 0.15
doi:10.1371/journal.pone.0131360.t004
Modelling Water Cycle for Wheat and Barley Crops
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Results and Discussion
Assessment of overall model performance
The model was run without making any adjustment of parameter values that might improve
the degree of agreement between measurement and simulation. Fig 3 shows the overall com-
parison of simulated and measured values of soil water content at various depths for the experi-
ments in 2006–2010. It can be observed that not only are the simulated values correlated with
the measured values fairly well (r2 = 0.611, n = 1169), but also the best fitted line gives the gra-
dient close to 1 (0.847) and a very small intercept of 0.037 cm3 cm-3, indicating that the model
is able to reproduce measurements reasonably well. The overall good performance of the
model is also confirmed by the calculated statistical indices (Table 5). The RMSE value, a repre-
sentative deviation of the simulated values from the measurements, is only 0.027 cm3 cm-3,
while the model agreement index AI gives a high value of 0.875, greater than 0.8 to be consid-
ered as model good performance [47]. The model overestimates the values of soil water con-
tent, but only by a negligible margin as the mean errorME between simulation and
measurement is 0.004 cm3 cm-3. It is, therefore, reasonable to conclude that the model per-
forms well in predicting soil water dynamics during crop growth, and thus is sufficiently reli-
able to be applied in modelling the water cycle for the entire experimental period.
Comparison of measured and simulated soil water content
Detailed comparisons of the soil water content at various depths between measurement (S2
and S3 Tables.) and simulation were carried out for the experiments in 2006–2010, and are
shown in Figs 4 and 5 as examples. Generally, it is clear that the model reproduced the mea-
surements of soil water content well. The big increases in soil water content that occurred
between 1 to 5 April 2007 (Fig 4) and between 21 to 24 December 2009 at 15 cm depth (Fig 5),
coincided with a wet spell of weather, were correctly simulated. The change in soil water con-
tent appears to be less drastic in the subsoil than the topsoil, suggesting soil water was affected
Fig 3. Overall comparison of soil water content (SWC) between simulation andmeasurement.
doi:10.1371/journal.pone.0131360.g003
Table 5. Statistical indices of soil water content betweenmeasurement and simulation.
n RMSE ME AI Slope Intercept r2
(-) (cm3 cm-3) (cm3 cm-3) (-) (-) (cm3 cm-3) (-)
1169 0.027 0.002 0.876 0.847 0.042 0.611
doi:10.1371/journal.pone.0131360.t005
Modelling Water Cycle for Wheat and Barley Crops
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by rainfall more markedly in the topsoil as expected. While the overall performance of the
model in reproducing the measurements is reasonably good, discrepancies of varying degrees
also exist between measurement and simulation. The biggest discrepancies occur at the 75 cm
depth in the experiment 2009–2010. After a wet spell from 21 to 24 December (52.2 mm rain-
fall in total), the model simulated a gradual and steady increase of water content at the 75 cm
depth from 06 January 2010. However, the measurements show the increase in soil water con-
tent started later (14 Jan.) and at a less rapid pace. This might be attributed to the soil hydraulic
properties estimated using the PTFs in this study. Although the PTFs were derived based on
extensive EU soil samples [45], accurate determination of soil hydraulic properties still remains
a big challenge. In fact, this is not a problem solely from the PFTs approach because the same
problem exists for other ways of determining soil hydraulic properties such as the direct mea-
surements of soil cores. The difficulties in making satisfactory estimates of soil hydraulic prop-
erties at a field scale have become a major obstacle to the taking-up of physically-based agro-
hydrological models for practical uses [1]. Fortunately, new ways of estimating soil water prop-
erties using inverse modelling techniques have been proposed and received enormous efforts
Fig 4. Comparison of soil water content at the depths of 15 cm (a), 45 cm (b) and 75 cm (c) in the 2006–
2007 experiment.
doi:10.1371/journal.pone.0131360.g004
Modelling Water Cycle for Wheat and Barley Crops
PLOS ONE | DOI:10.1371/journal.pone.0131360 June 22, 2015 9 / 18
[48–52]. Such techniques have proven promising to estimate the parameters required by mech-
anistic agro-hydrological models [1].
Potential and simulated evapotranspiration
Fig 6 shows the cumulative daily potential ET and the simulated ET in the growing seasons
(the period between sowing and harvest), together with the precipitation for the experiments in
2006–2010. Generally it is the case that seasonal potential ET exceeded the simulated ET by far,
suggesting that the crops suffered from water stress rather severely. This is due to the shortage
of precipitation to meet the water demand for crops to achieve the maximum growth. Further,
it is revealed that the simulated seasonal ET was approximately equal to the total precipitation
in the same period. For example, for barley harvested on 26 June 2007, only 52% of seasonal
potential ET of 639 mm, i.e 333 mm, was achieved, close to 307 mm provided by precipitation
in the same period (Fig 6a).
The simulations of seasonal ET over the entire experimental period and the contributions to
the simulated ET by precipitation and soil water initially contained in the profile were per-
formed (Fig 7). The simulated seasonal ET varied from 208 mm in the experiment 2005–2006
(precipitation of 180 mm) to 388 mm in the experiment 2009–2010 (precipitation of 380 mm)
(Fig 7a), and the proportion made by initial soil water to the simulated seasonal ET was in the
range of 24.2% from the dry growing season in 2004–2005 to 0.7% from the relatively wet
growing season in 2000–2001 (Fig 7b), with the mean contribution to the simulated seasonal
ET of 8.8% over all seasons. This indicates that the simulated seasonal ET is highly dependent
on the precipitation in the growing season, and was mainly met by the precipitation rather
than the soil water initially contained in the profile. This is in agreement with previous studies
on cereal grown in the similar climate [53–54].
Fig 5. Comparison of soil water content at the depths of 15 cm (a) and 75 cm (b) in the 2009–2010
experiment.
doi:10.1371/journal.pone.0131360.g005
Modelling Water Cycle for Wheat and Barley Crops
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Relationships between crop grain yield and simulated seasonal ET
The effects of seasonal ET on grain yield of wheat and barley have long been investigated exper-
imentally or by combined experimental and modelling approaches, and numerous studies have
Fig 6. Cumulative precipitation, potential and simulated ET in the experiments 2006–2007 (a), 2008–
2009 (b) and 2009–2010 (c).
doi:10.1371/journal.pone.0131360.g006
Modelling Water Cycle for Wheat and Barley Crops
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reported that grain yield is positively correlated with seasonal ET [23–29]. Many related the
increase in grain yield with seasonal ET in a linear manner [23–24, 29]. The simulated results
from 6 barley experiments and 3 wheat experiments in this study support the above findings. It
indicates that grain yield is linearly related to seasonal ET ranging from 208 to 388 mm for
both wheat and barley (Fig 8). However, it should be pointed out that such a relationship can-
not be held for the whole possible ET range due to the plateau at the maximum yield. Regres-
sion analysis indicated that grain yield increased 17.3 and 23.7 kg ha-l for every mm of water
evapotranspired, in good agreement with the previous studies by Sharrat [23] and Zhang and
Oweis [24]. Sharrat [23] reported a grain yield increase of 26 kg ha-l for every mm of water eva-
potranspired over a range of 180 to 260 mm in seasonal ET for barley, whilst Zhang and Oweis
[24] found that the corresponding figure for rainfed and irrigated bread wheat was 16 kg ha-l
Fig 7. Simulated seasonal ET (a) and the contributions of precipitation and soil water to the simulated
seasonal ET (b) from 2000–2010.
doi:10.1371/journal.pone.0131360.g007
Modelling Water Cycle for Wheat and Barley Crops
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for every mm of water evapotranspired over a range of 200 to 600 mm in seasonal ET. The pos-
itive relationships found in this study and in other previous studies suggest that in arid and
semi-arid regions reservation of soil water and reduction of soil evaporation are critically
important to increase grain yield. Options such as straw mulch and plastic film cover could be
employed to reduce soil evaporation. Any reduction in soil evaporation could potentially save
water for crop transpiration, and thus increase yield. Where possible, advanced precision irri-
gation systems using soil sensors and models should also be applied since the systems as such
are increasingly becoming affordable and intelligent [55].
Application of the model for agricultural water management
Optimizing agricultural water use is of great importance since agriculture is the biggest water
consumer in the world and uses 70% world accessible fresh water [56]. It is reported that 40%
of the world’s food is produced by irrigated agriculture with 60% of irrigated water wasted [56].
Nowadays irrigation is often applied based on experience instead of science. Excessive applica-
tion of irrigated water not only results in considerable waste of water, but also causes negative
physiological, environmental and ecological consequences [57–59]. It is well accepted that
there exists a threshold of soil water content in the root zone below which crop transpiration
and growth are reduced [55, 60]. The threshold soil water content, which varies with crop spe-
cies, growth stages and soil texture, has been specified for a wide range of crops [20]. The
importance of using agro-hydrological models for irrigation scheduling has been highlighted
in recent review articles by Bastiaanssen et al. [1] and by Greenwood et al. [55]. The model
used in this study could simulate root growth and soil water content in the entire root zone,
and thus on any given day the averaged soil water content in the root zone could be calculated
to compare the threshold for irrigation scheduling. The model as such has a potential to be
applied not only for studying soil-crop water relations, but also for optimizing water use in
crop production.
Strategies to further improve model performance
Calibrated agro-hydrological models such as that employed in this study could be of great use
for optimizing agricultural resources use, for minimizing the environmental impact, and for
predicting crops response to weather. However, the calibration of agro-hydrological models is
Fig 8. The relationships between the measured grain yield of barley and wheat and the simulated
seasonal ET.
doi:10.1371/journal.pone.0131360.g008
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not always straightforward, and often leads to difficulties. The major sources causing the dis-
crepancies between measurement and simulation are from the uncertainty of the model
parameters involved in the complex system. The soil hydraulic properties are amongst those
which are difficult to determine at the field scale as mentioned the above. A large body of litera-
ture is available on how to infer the effective soil hydraulic properties from laboratory experi-
ments [50], field crop experiments [48] and field evaporation experiments [51–52].
Although there have been studies applying inverse modelling to infer the rooting depth
[61–62], this approach has seldom been applied to root distribution parameters. Potentially
inverse modelling could be used to deduce root parameters other than the rooting depth with
equal success. In order for agro-hydrological models to perform satisfactorily, detailed descrip-
tion of the root system including individual roots is not necessary, but the information of root
length density distribution in the soil profile is essential. Also, the utilization of water stress
compensated models, i.e root water stress in one part of the root zone can be compensated for
by enhanced extraction from the other wetter parts [63–65], could further enhance model per-
formance. Although there are various equations proposed for considering the water stress com-
pensation, the adoption of the equation and the determination of parameter values should be
carefully selected based on the crop species.
Efforts should therefore be made to identify the parameters describing root length distribu-
tion and water stress compensation using the soil water measurements from different depths in
the profile. Such approaches are now increasingly becoming possible as soil sensors become
more accurate, affordable and more widely adopted [55]. Numerous optimization algorithms,
traditional or evolutional, are readily available for the purpose of inverse modelling [51, 66–
68]. Since parameter uniqueness and identifiability increases with a reduction in the number of
parameters [67], the number of parameters to be identified should be kept to minimum. A
two-staged inverse modelling strategy could be devised to maximize model performance: 1) to
use the soil water measurements gathered from fallow soils for the identification of soil hydrau-
lic properties; and 2) to use the data collected from the soil covered by crops together with the
already identified soil hydraulic properties to identify parameters describing root dynamics
such as root length distribution and root depth and root water stress compensation.
Conclusions
The simulations of water dynamics for the soil-winter wheat/barley were carried out over a
10-year experimental period. The model satisfactorily reproduced the soil water measurements
at various depths in the profile during growing seasons. The good agreement between measure-
ment and simulation suggests: 1) the model could be reliably applied to modelling water
dynamics in the soil-crop system; 2) the soil hydraulic properties estimated using the PTFs
approach are generally representative for the soil studied; 3) the model simulated a linear rela-
tionship between wheat/barley grain yield and the simulated seasonal ET. The increases in
grain yield were 17.3 and 23.7 kg ha-l for every mm of water evapotranspired over the range of
180 to 288 mm in seasonal ET for wheat and barley, respectively. Future work should focus on
improving model parameter estimates including those describing soil hydraulic properties and
root development dynamics using a two-staged inverse modelling technique.
Supporting Information
S1 Table. Weather data measured during the experimental period from 2000–2010.
(XLS)
Modelling Water Cycle for Wheat and Barley Crops
PLOS ONE | DOI:10.1371/journal.pone.0131360 June 22, 2015 14 / 18
S2 Table. Measured soil water content at the depths of 15 cm, 45 cm and 75 cm during the
experiment from 2006 to 2007.
(XLS)
S3 Table. Measured soil water content at the depths of 15 cm and 75 cm during the experi-
ment from 2009 to 2010.
(XLS)
Acknowledgments
The authors wish to thank Mr. Yongfu Yu for helping preparation of graphs and formatting
the manuscript.
Author Contributions
Conceived and designed the experiments: ADB JB. Performed the experiments: ADB JB. Ana-
lyzed the data: KZ. Contributed reagents/materials/analysis tools: ADB JB AJT. Wrote the
paper: KZ AJT.
References
1. BastiaanssenWGM, Allen RG, Droogers P, D’Urso G, Steduto P (2007) Twenty-five years modelling
irrigated and drained soils: State of the art. Agric Water Manage 92: 111–125.
2. Cannavo P, Recous S, Parnaudeau V, Reau R (2008) Modelling N dynamics to assess environmental
impacts of cropped soils. Adv Agron 97: 131–174.
3. Cortis C, Montaldo N (2013) A new ecohydrological model based on Richard equation. Procedia Envi-
ron Sci 19: 67–76.
4. Norman JM (2013) Fifty years of study of S-P-A systems: past limitations and a future direction. Proce-
dia Environ Sci 19: 15–25.
5. Ferrero R, Lima M, Gonzalez-Andujar JL (2014) Spatio-Temporal Dynamics of Maize Yield Water Con-
straints under Climate Change in Spain. PLoS ONE 9(5): e98220. doi: 10.1371/journal.pone.0098220
PMID: 24878747
6. Porter JR (1984) A model of canopy development in winter wheat. J Agric Sci 102: 383–392.
7. Porter JR (1993) AFRCWHEAT2: a model of the growth and development of wheat incorporating
responses to water and nitrogen. Eur J Agron 2: 69–82.
8. Ritchie J, Otter S (1985) Description of and performance of CERES-Wheat: a user-oriented wheat yield
model. In: Willis WO, editor. ARS wheat yield project. Washington DC: Department of Agriculture, Agri-
cultural Research Service, ARS-38. pp. 159–175.
9. Godwin D, Ritchie J, Singh U, Hunt L (1990) A user's guide to CERES-Wheat—V2 10. International
Fertilizer Development Center, Simulation Manual IFDC-SM-2, Muscle Shoals, AL.
10. Groot JJR (1987) Simulation of nitrogen balance in a system of winter wheat and soil. Simulation
reports CABO-TT no. 13, Centre for Agrobiological Research and Dept of Theoretical Production Ecol-
ogy, Agricultural University, Wageningen.
11. Jamieson PD, Wilson DR (1988) Agronomic uses of a model of wheat growth, development and water
use. Proc Agron Soc NZ 18: 7–10.
12. Johnsson H, Bergstrijm L, Jansson PE, Paustrian K (1987) Simulation of nitrogen dynamics and losses
in a layered agricultural soil. Agric Ecosys Environ 18: 333–356.
13. Eckersten H, Jansson PE (1991) Modelling water flow, nitrogen uptake and production for wheat. Fertil-
izer Res 27: 313–329.
14. Mirschel W, Wenkel KO (2007) Modelling soil-crop interactions with AGROSIMmodel family. In: Kerse-
baum KC, Hecker JM, Mirschel W, Wegehenkel M, editors. ModellingWater and Nutrient Dynamics in
Soil-Crop Systems: proceedings of the workshop on “Modelling water and nutrient dynamics in soil-
crop systems” held on 14–16 June 2004 in Müncheberg, Germany, pp. 59–73, Dordrecht ( Springer).
15. Kersebaum KC (2007) Modelling nitrogen dynamics in soil-crop systems with HERMES (2007). In: Ker-
sebaum KC, Hecker JM, Mirschel W, Wegehenkel M, editors. ModellingWater and Nutrient Dynamics
in Soil-Crop Systems: proceedings of the workshop on “Modelling water and nutrient dynamics in soil-
Modelling Water Cycle for Wheat and Barley Crops
PLOS ONE | DOI:10.1371/journal.pone.0131360 June 22, 2015 15 / 18
crop systems” held on 14–16 June 2004 in Müncheberg, Germany, pp. 147–160, Dordrecht (
Springer).
16. Semenov MA, Wolf J, Evans LG, Eckersten H, Iglesias A (1996) Comparison of wheat simulation mod-
els under climate change. I. Application of climate chane scenarios. Clim Res 7: 271–281.
17. Wolf J, Evans LG, Semenov MA, Eckersten H, Iglesias A (1996) Comparison of wheat simulation mod-
els under climate change. I. Model calibration and sensitivity analyses. Clim Res 7: 253–270.
18. Kersebaum KC (2007) Modelling nitrogen dynamics in soil-crop systems: a comparison of simulation
models applied on commondata sets (2007). In: Kersebaum KC, Hecker JM, Mirschel W, Wegehenkel
M, editors. ModellingWater and Nutrient Dynamics in Soil-Crop Systems: proceedings of the workshop
on “Modelling water and nutrient dynamics in soil-crop systems” held on 14–16 June 2004 in Münche-
berg, Germany, pp. 1–18, Dordrecht ( Springer).
19. Yang D, Zhang T, Zhang K, Greenwood DJ, Hammon J, White PJ (2009) An easily implemented agro-
hydrological procedure with dynamic root simulation for water transfer in the crop-soil system: validation
and application. J Hydrol 370: 177–190.
20. Allen RG, Pereira LS, Raes D, Smith M (1998) Crop evapotranspiration. Guidelines for computing crop
water requirements. FAO Irrigation and Drainage Paper 56. FAO, Rome.
21. Boone A, Wetzel PJ (1996) Issues related to low resolution modelling of soil moisture: Experience with
the PLACEmodel. Global Planet Change 13: 161–181. PMID: 8964559
22. Lee DH, Abriola LM (1999) Use of the Richards equation in land surface parameterizations. J Geophys
Res 104: 27519–27526.
23. Sharratt BS (1994) Observations and modelling of interactions between barley yield and evapotranspi-
ration in the subarctic. Agric Water Manage 25: 109–119.
24. Zhang H, Oweis T (1999) Water-yield relations and optimal irrigation scheduling of wheat in the Medi-
terranean region. Agric Water Manage 38: 195–211.
25. Kang S, Zhang L, Liang Y, Hu X, Cai H, Gu B (2002) Effects of limited irrigation on yield and water use
efficiency of winter wheat in the Loess Plateau of China. Agric Water Manage 55: 203–216.
26. Kalra N, Chakraborty D, Kumar PR, Jolly M, Sharma PK (2007) An approach to bridging yield gaps,
combining response to water and other resource inputs for wheat in northern India, using research trials
and farmers’ fields data. Agric Water Manage 93: 54–64.
27. Dong B, Shi L, Shi C, Qiao Y, Liu M, Zhang Z (2011) Grain yield and water use efficiency of two types of
winter wheat cultivars under different water regimes. Agric Water Manage 99: 103–110.
28. Zhang X, Chen S, Sun H, Shao L, Wang Y (2011b) Changes in evapotranspiration over irrigated winter
wheat and maize in North China Plain over three decades. Agric. Water Manage 98: 1097–1104.
29. QinW, Chi B, OenemaO (2013) Long-TermMonitoring of RainfedWheat Yield and Soil Water at the
Loess Plateau Reveals LowWater Use Efficiency. PLoS ONE 8(11): e78828. doi: 10.1371/journal.
pone.0078828 PMID: 24302987
30. Zwart SJ, BastiaanssenWGM (2004) Review of measured crop water productivity values for irrigated
wheat, rice, cotton and maize. Agric Water Manage 69: 115–133.
31. Wild A (1988) Russell’s Soil Conditions and Plant Growth. Longmans Scientific and Technical.
32. Steduto P, Hsiao TC, Fereres E (2007) On the conservative behavior of biomass water productivity.
Irrig Sci 25: 189–207.
33. Bosch-Serra AD (2010) Nitrogen use efficiency in rainfed Mediterranean agriculture. In: Lal R, editor.
Encyclopedia of Soil Sci., 2nd edition. 1: 1, 1–6. Taylor and Francis, New York.
34. Soil Survey Staff, 2010. Soil taxonomy, a basic system of soil classification for making and interpretat-
ing soil surveys, 11nd edn. United States Department of Agriculture. Natural Resources Conservation
Service. US Government Printing Office, Washington, DC.
35. Zhang K, Hilton HW, Greenwood DJ, Thompson AJ (2011a) A novel use of soil sensor measurements
and inverse modelling techniques for determining the FAO56 crop coefficients. Agric Water Manage
98: 1081–1090.
36. Pedersen A, Zhang K, Thorup-Kristensen K, Jensen LS (2010) Modelling diverse root density dynam-
ics and deep nitrogen uptake—A simple approach. Plant Soil 326: 493–510.
37. Gerwitz A, Page ER (1974) Empirical mathematical model to describe plant root systems 1. J Appl Ecol
11: 773–781.
38. Feddes RA, Kowalik PJ, Zaradny H (1978) Water uptake by plant roots. In: Feddes RA, Kowalik PJ,
Zaradny H, editors. Simulation of Field Water Use and Crop Yield. JohnWiley & Sons, Inc., New York.
39. Greenwood DJ (2001) Modelling N-response of field vegetable crops grown under diverse conditions
with N_ABLE: A review. J Plant Nutr 24: 1799–1815.
Modelling Water Cycle for Wheat and Barley Crops
PLOS ONE | DOI:10.1371/journal.pone.0131360 June 22, 2015 16 / 18
40. Zhang K, Greenwood DJ, White PJ, Burns IG (2007) A dynamic model for the combined effects of N, P
and K fertilizers on yield and mineral composition; description and experimental test. Plant Soil 298:
81–98.
41. Renaud FG, Bellamy PH, Brown CD (2008) Simulation pesticides in ditches to assess ecological risk
(SPIDER): I. Model description. Sci Total Environ 394: 112–123. doi: 10.1016/j.scitotenv.2007.11.038
PMID: 18275984
42. van Genuchten MTh (1980) A closed-form equation for predicting the hydraulic conductivity of unsatu-
rated soils. Soil Sci Soc Am J 44: 892–898.
43. Lu S, Ren T, Lu Y, Meng P, Sun S (2014) Extrapolative Capability of Two Models That Estimating Soil
Water Retention Curve between Saturation and Oven Dryness. PLoS ONE 9(12): e113518. doi: 10.
1371/journal.pone.0113518 PMID: 25464503
44. Saxton KE, Rawls WJ (2006) Soil water characteristic estimates by texture and organic matter for
hydrologic solutions. Soil Sci. Soc. Am. J. 70, 1569–1578.
45. Wösten JHM, Lilly A, Nemes A, Le Bas C (1999) Development and use of a database of hydraulic prop-
erties of European soils. Geoderma 90: 169–185.
46. Rahn CR, Zhang K, Lillywhite R, Ramos C, Doltra J, de Paz JM, et al. (2010) EU-Rotate_N—a Euro-
pean decision support system—to predict environmental and economic consequences of the manage-
ment of nitrogen fertiliser in crop rotations. Eur J Horti Sci 75: 20–32.
47. Willmott CJ (1981) On the validation of model. Phys Geogr 2: 184–194.
48. Jhorar RK, BastiaanssenWGM, Feddes RA, Van Dam JC (2002) Inversely estimating soil hydraulic
functions using evapotranspiration fluxes. J Hydrol 258: 198–213.
49. Sonnleitner MA, Abbaspour KC, Schulin R (2003) Hydraulic and transport properties of the plant—soil
systems estimated by inverse modelling. Eur J Soil Sci 54: 127–138.
50. Schmitz GH, Puhlmann H, DrogeW, Lennartz F (2005) Artificial neural networks for estimating soil
hydraulic parameters from dynamic flow experiments. Eur J Soil Sci 56: 19–30.
51. Gómez S, Severino G, Randazzo L, Toraldo G, Otero JM (2009) Identification of the hydraulic conduc-
tivity using a global optimization method. Agric. Water Manage 96: 504–510.
52. Zhang K, Burns IG, Greenwood DJ, Hammond JP, White PJ (2010) Developing a reliable strategy to
infer the effective soil hydraulic properties from field evaporation experiments for agro-hydrological
models. Agric Water Manage 97: 399–409.
53. Cantero-Martínez C, Villar JM, Romagosa I, Fereres E (1995) Growth and yield responses of two con-
trasting barley cultivars in a Mediterranean environment. Eur J Agron 4: 317–326.
54. Austin RB, Cantero-Martínez C, Arrúe JL, Playán E, Cano-Marcellán P (1998) Yield-rainfall relation-
ships in cereal cropping systems in the Ebro river valley of Spain. Eur J Agron 8: 239–248.
55. Greenwood DJ, Zhang K, Hilton H, Thompson A (2010) Opportunities for improving irrigation efficiency
with quantitative models, soil water sensors and wireless technology. J Agric Sci 148: 1–16.
56. Clay J (2004) World Agriculture and the Environment: A Commodity-by-Commodity Guide to Impacts
and Practices. Washington, DC: Island Press.
57. Stanley CD, Maynard DN (1990) Vegetables. In: Stewart BA, Nielsen DR, editors. Irrigation of Agricul-
tural Crops. ASA CSSA SSSAMadison USA, pp. 922–950.
58. Wright JL, Stark JC (1990) Potato. In: Stewart BA, Nielsen DR, editors. Irrigation of Agricultural Crops.
ASA CSSA SSSAMadison USA, pp. 860–890.
59. StalhamMA, Allen EJ, Rosenfeld AB, Herry FX (2007) Effects of soil compaction in potato (Solanum
tuberosum) crops. Journal of Agricultural Science 145: 295–312.
60. Ahuja LR, Nielsen DR (1990) Field soil-water relations. In: Stewart BA, Nielsen DR, editors. Irrigation of
Agricultural Crops. ASA CSSA SSSAMadison USA, pp. 143–190.
61. Schelle H, Iden SC, Fank J, Durner W (2012) Inverse estimation of soil hydraulic and root distribution
parameters from lysimeter data. Vadose Zone J 11: 169–176.
62. Schelle H, Durner W, Iden SC, Fank J (2013) Simultaneous estimation of soil hydraulic and root distri-
bution parameters from lysimeter data by inverse modeling. Procedia Environ Sci 19: 564–573.
63. Lai CT, Katul G (2000) The dynamic role of root-water uptake in coupling potential to actual transpira-
tion. AdvWater Resour 23: 427–439.
64. Li KY, De Jong R, Boisvert JB (2001) An exponential root water-uptake model with water stress com-
pensation. J Hydrol 252: 189–204.
65. Yadav BK, Mathur S, Siebel MA (2009) Soil moisture dynamics modelling considering the root compen-
sation mechanism for water uptake by plants. J Hydrol Eng 14: 913–922.
66. Rao SS (1984) Optimization: Theory and Application. Wiley Eastern Limited.
Modelling Water Cycle for Wheat and Barley Crops
PLOS ONE | DOI:10.1371/journal.pone.0131360 June 22, 2015 17 / 18
67. Hopmans JH, Šimunek J (1999) Review of inverse estimation of soil hydraulic properties. In: Van Gen-
uchten MTh, Leij FJ, Wu L, editors. Characterization and Measurement of the Hydraulic Properties of
Unsaturated Porous Media. Canada: University of California. pp. 634–659.
68. Abbaspour KC, Schulin R, van Genuchten MTh (2001) Estimating unsaturated soil hydraulic parame-
ters using ant colony optimization. AdvWater Resour 24: 827–841.
Modelling Water Cycle for Wheat and Barley Crops
PLOS ONE | DOI:10.1371/journal.pone.0131360 June 22, 2015 18 / 18
